Physical exercise is known to activate the sympathetic nervous system, which influences the production of saliva from salivary glands. Our examination of saliva collected from highly trained athletes before and after a number of physical competititions showed an increase in the secretion of S-type cystatins and cystatin C as a subacute response to aerobic and anaerobic exercise. The elevation in salivary cystatins was transient and the recovery time course differed from that of amylase and other salivary proteins. An in vitro assay was developed based on a cell line from a human submandibular gland (HSG) that differentiated into acinus-like structures. Treatments with the β-adrenergic agonist isoproterenol caused a shift in the intracellular distribution of S-type cystatins and cystatin C, promoting their accumulation at the outer regions of the acinus prior to release and suggesting the activation of a directional transport involving co-migration of both molecules. In another treatment using non-differentiated HSG cells, it was evident that both expression and secretion of cystatin C increased upon addition of the β-adrenergic agonist, and these effects were essentially eliminated by the antagonist propranolol. The HSG cell line appears to have potential as a model for exploring the mechanism of cystatin secretion, particularly the S-type cystatins that originate primarily in the submandibular glands.
Introduction
Saliva is a complex fluid containing proteins, carbohydrates, inorganic molecules, lipids, nucleic acids and water [1] . It can also include gingival exudate, cellular debris and a sampling of the microorganisms present in the mouth [2, 3] . In humans, the larger glands (parotid, submandibular and sublingual) secrete up to 85% of the saliva [3, 4, 5] , and the protein levels are regulated by physiological stimuli [3, 6] . α-Amylase is a major component, and has long been a popular target for studying glandular secretion [7] ; other proteins have received less attention.
PLOS ONE | https://doi.org/10.1371/journal.pone.0224147 October 24, 2019 1 / 23 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 commander and the team was reduced to 12, who performed all the remaining exercises. Physical tests were chosen to elicit maximal anaerobic or aerobic efforts; one test (incremental aerobic) was followed by a post-exercise recovery time course. Aerobic test. _ VO 2max is an essential measure of fitness and also provides a reference value for comparing intensity of effort with other individuals and other types of tests. The _ VO 2max of the 12 participants included in Phases 3 to 6 was determined in Phase 3 using progressively increasing exercise on a treadmill with a duration between 8 and 12 minutes, when the athlete attains his maximum effort. The measurement and analysis of exhaled gases was performed with a VO2000 metabolic analyzer (MedGraphics, United States), which was auto-calibrated before each test. Maximal oxygen consumption was defined as the highest _ VO 2 obtained over any continuous 30-s time period, provided that the respiratory exchange ratio (RER) was � 1.10 [15] . Saliva was collected before and 5 min after the treadmill test (Fig 1, phase 3) . In Phase 6 the treadmill was used by the same subjects but without measuring O 2 directly, since maximum effort was identified from heart rate.
Anaerobic test. RAST (running anaerobic sprint test) was used as an anaerobic test that requires maximum effort. It was applied individually in Phase 4 (Fig 1) , outdoors on grass. It consisted of 5 min of a non-strenuous warm-up (stretching and light jogging) followed by 6 sprints of 35 m each at maximum velocity with 10 s rest between sprints [16, 17] . Saliva samples were collected before the RAST and 5 min after the last sprint.
Incremental aerobic test. An aerobic incremental intensity test consisted of a single session divided into four bouts, at 65%, 75%, 85% and 95% of _ VO 2max on a cycloergometer. Each bout lasted 4 min, with saliva collected at rest and 5, 10 and 15 min post-exercise (Fig 1 -phase  5 ). Besides the variations in intensity, this test provided information about plasma lactate and about recovery kinetics for total protein, type-S cystatins, and α-amylase.
Biological samples
Biological samples were collected by trained professionals. Because of the intensity of some of the exercises, athletes required a period of recovery before they could breathe without gasping, a problem also noted by others [18] . Therefore, all of the tests (aerobic as well as anaerobic) The study design consisted of 6 distinct phases. In Phase 1, anthropometric measurements were taken from all participants in the morning (6-8 a.m.) of the first day, 2 weeks before pentathlon competition. In phases 2 to 6, performed between 7 and 10 a.m., pre-exercise (rest) samples of saliva were collected before every test, and post-exercise samples were collected starting 5 min after the test, for exactly one minute. Saliva samples were collected by cotton roll except in phase 6, when saliva was collected by spitting for the purpose of comparing methods. Phase 2) The three consecutive days of pentathlon competition. Samples were collected before and after the first event of each day. Phase 3) Starting 3 weeks after the competition, participants performed aerobic physical tests on a treadmill in the morning, and _ VO 2max was recorded. Samples were collected and a maximum of three athletes were evaluated per day. Phase 4) Two days after phase 3, participants performed anaerobic sprints (RAST) with a maximum of four subjects per day. Phase 5) Two weeks after phase 4, athletes performed incremental aerobic sprint tests (65%-95% _ VO 2max ) on a cycloergometer in the morning with a maximum of two subjects per day. Blood samples for lactate were collected in this phase. Phase 6) Several months after phase 5, the same athletes repeated phase 3 (treadmill) over a span of 2 weeks.
were designed so that the first post-exercise saliva samples were taken after a 5-min cool-down period. Unstimulated saliva was collected 5 min prior to a test and then 5 min, 10 min or 15 min after the test according to the particular protocol. In a subset of pre-test samples taken 24 h later, no differences from the original pre-test samples were observed, thereby allowing exercises to be performed on successive days. To restrict evaluations to the composition of saliva being produced at the time of collection, each athlete first rinsed his mouth with deionized water. This was discarded and a 4 x 1 cm cotton dental roll (0.4 g, Cremer Nº.2) (Blumenau, Santa Catarina, Brazil) was inserted under the tongue for 1 min to collect saliva in the absence of mastigation. The saliva containing cotton roll was transferred to the barrel of a 10-ml syringe and the saliva was expelled with the plunger into a sterile tube. Collecting unstimulated saliva as described in our protocol would tend to minimize variability due to interactions between oral stimuli, pH and flow rates [19, 20] . As a control for the cotton-roll method, in the final exercise (Phase 6 in Fig 1) the spitting method was also tested [21] . Protease activity was inhibited by adding 1 mM EDTA and 1 mM phenylmethyl sulfonyl fluoride [22] , except for samples used to analyze salivary amylase activity (which is inhibited by EDTA). Samples were transported on ice to the laboratory, centrifuged (14,000 x g for 10 min at 4˚C) and the supernatant transferred to a new tube for storage at -80˚C. In phase 5 (see Fig 1) , blood (10 ml) was obtained by venous puncture into collection tubes containing sodium fluoride/EDTA and maintained on ice for transport. Plasma was separated by centrifugation (1500 x g for 20 min at 4˚C) and stored at -80˚C for analysis of lactate.
Biochemical assays
Blood for plasma lactate determinations was collected from an antecubital vein before and after each increment of intensity in phase 5 (Fig 1) . Saliva for amylase activity was collected before and after exercise in phases 5 and 6. Lactate and amylase samples were processed in duplicate by spectrophotometry at 340 nm and 660 nm, respectively, according to instructions in commercial kits (Bioclin, Rio de Janeiro, Brazil). Measurements of amylase are presented as a ratio to the resting value, which was designated as 100%. Total protein in saliva was measured by a Bradford assay [23] . In addition, the quantity of protein in individual electrophoretic bands separated by SDS-PAGE was measured by densitometry using colloidal Coomassie blue G staining and an Odyssey infrared scanner [24] in comparison to bands of standard BSA solution run on the same gel.The coefficient of variation for pipetting small volumes of protein followed by staining and scanning the gels was satisfactory for amounts of at least 2 μl, with a coefficient of variation of 6-12% (n = 6). Accuracy was evaluated from signals for ovalbumin added to saliva samples, where average recovery was 103%, with a relative standard deviation of 18%. After background subtraction, standard curves for BSA were linear (R 2 was 0.96-0.99% in two overlapping ranges, 30-200 ng and 120-800 ng) (n = 6 for each set). Protein from HSG cell lysates and culture medium was quantified by BCA assay kit (Pierce, Rockford, IL, USA).
For Western blots, proteins separated on gradient SDS-PAGE gels were transferred at constant voltage (100 V) to a polyvinylidene difluoride (PVDF) membrane for 90 min at 4˚C in transfer buffer (48 mM Tris, pH 8.0; 40 mM glycine and 20% (v/v) methanol). Next, membranes were dried and then rehydrated for an overnight incubation with primary antibodies for cystatin.We were unable to obtain antibodies that were specific to each of the S-type cystatins, which are 90% identical in their primary sequence, so we used a monoclonal antibody for S-type cystatins as a group (SA/SN/S; sc-73884; Santa Cruz Biotechnology, Dallas, TX, USA) diluted 1:1000, and/or a polyclonal antibody against cystatin C (P14) (cat sc 16989; Santa Cruz Biotechnology, Dallas, TX, USA) diluted 1:1000. The next morning, membranes were washed and then incubated 1 h with the appropriate secondary antibodies, diluted 1:10,000: for S-type cystatins, this was goat anti-mouse antibody conjugated with IRDye 800CW (Cat. # 926-32210; LI-COR, Lincoln, NE, USA) and for cystatin C, this was goat anti-rabbit antibody conjugated with IRDye 680RD (Cat. # 925-68071; LI-COR), diluted 1:10.000. After washing, fluorescence was captured and quantified on an Odyssey infrared scanner (LI-COR).
The quantity of cystatin C in cell lysates and culture medium was determined by an ELISA assay, which was available for cystatin C but not cystatins type S (cat # RAB0105; Sigma-Aldrich, St. Louis, MO, USA) as instructed by the manufacturer. Optical density was measured at 450 nm in a VersaMax ELISA Microplate Reader (Molecular Devices, San Jose, CA, USA). The results are presented in ng of cystatin C per μg of total protein.
Mass spectrometry
For a more detailed confirmation of low-molecular-weight peptides that increase in saliva with exercise, we turned to mass spectrometry. Electrophoresis (1D SDS-PAGE) was performed in a Bio-Rad system (Rio de Janeiro, Brazil). Three micrograms of protein obtained from pooled saliva drawn before and after three pentathlon events (Phase 2 in Fig 1) was separated on a 4-18% gradient gel and stained with colloidal Coomassie blue G. Low-molecular-weight bands at~15 kDa were excised from the gel, destained (50% (v/v) methanol and 5% (v/v) acetic acid), dehydrated in 100% acetonitrile and dried at room temperature. Proteins in the samples were reduced with 10 mM DTT and alkylated with 100 mM iodoacetamide, at room temperature. Samples were dehydrated again and rehydrated in (NH 4 ) 2 CO 3 (100 mM). Next, proteins were digested with trypsin at a final concentration of 10 ng/μL in (NH 4 ) 2 CO 3 (25 mM). Resulting peptides were extracted with 50% acetonitrile/0.1% trifluoroacetic acid (ACN/TFA) and applied to a C18 ZipTip desalting column of 0.6 μL (EMD-Millipore). The final sample eluted from ZipTip with ACN/TFA was subjected to fractionation and desalting by liquid chromatography in-line to an electrospray ionization quadrupole time-of-flight mass spectrometer (ESI-Q-TOF) as described [16] . Protein sequences were identified by the MASCOT online software (www.matrixscience.com) by comparison to the tandem mass spectra of the National Center for Biotechnology Information proteins and Mass Spectrometry protein sequence database for Homo sapiens. One missed cleavage was permitted per peptide and a peptide mass tolerance of ± 0.1 kDa was allowed. Cysteines were assumed to be carbamidomethylated with a variable modification in methionine by oxidation.
Cell culture, differentiation and treatment
For insight into cystatin secretion in response to adrenergic stimuli at the cellular level, we used an in-vitro assay. A human submandibular gland (HSG) cell line [25] was a generous gift from Dr. Marinilce F. Santos (University of São Paulo, Brazil). Cells were grown at sub-confluent densities in tissue-culture bottles using complete medium (Eagle´s Minimum Essential Medium [Sigma-Aldrich], 5% FBS, 2 mM glutamine, 1% [w/v] non-essential amino acids (GIBCO), 100 U/mL penicillin, 100 μg/mL streptomycin, 10 μg/mL gentamicin [Sigma-Aldrich]), at 37 ºC in a humidified atmosphere of 5% CO 2 and 95% air. For differentiation into acinus-like structures, cells were seeded at a density of 6 x 10 3 cells/cm 2 in tissue-culture dishes coated with 10.8 mg/mL GFR Matrigel (Becton-Dickinson, Billerica, MA, USA) and maintained in complete medium for 3 days.
For experimental treatment without differentiation into acini, HSG cells were seeded in 6-well culture plates that received fresh culture medium when the cells reached 80% to 85% confluence. After 24 h, culture medium was supplemented with isoproterenol (IPR) and/or propranolol (PRO) at 100 μM. After 60 min, culture medium was harvested separately and stored at -80 ºC for later analysis. Cells were washed with PBS, collected and stored at -80˚C. Treatment of cells differentiated into acini was carried out with 100 μM IPR or vehicle for 60 min without a prior medium exchange.
The HSG cell line used in this study originated in Japan in 1981 from irradiated cells of a human submandibular gland. It exhibits various features expected for cells of salivary gland origin, such as formation of acinus-like structures, response to isoproterenol, and synthesis and release of S-type cystatin, typical of submandibular glands [6] . Previously, HSG cells derived from the original sample have been found to be contaminated with HeLa cells in different laboratories [26, 27] . To detect HeLa contamination in our HSG cells, we have had short tandem repeat (STR) analysis [27] performed on our sample at 15 loci to verify its genotype. Although the STR signature of the original HSG cells is not known, a match of � 80% to the HeLa cell line at 8 loci considered standard for STR analysis of normal human tissue would be evidence of contamination with HeLa. In fact, not a single locus of 15 tested matched the HeLa pattern, thereby making contamination very unlikely.
Immunofluorescence
Specific primary antibodies to cystatin C and (as a group) to the 3 salivary type-S cystatins (S, SA and SN) make it possible to identify cystatins in mixtures of cell proteins and quantify them using fluorescent secondary antibodies that are visible in a confocal fluorescence microscope. Stimulated and unstimulated HSG cells in culture were fixed with 2% paraformaldehyde and 0.5% glutaraldehyde in phosphate-buffered saline (PBS) for 5 min, rinsed three times with PBS and then permeabilized with 0.5% Triton-X100 in PBS for 3 min. Next, specimens were blocked with 5% BSA in PBS for 1 hr prior to an overnight incubation with primary antibody, either the monoclonal human anti-mouse cystatin S/SA/SN or rabbit anti-goat cystatin C at a dilution of 1:400. The next day, specimens were washed three times in PBS with 0.1% Tween 20 for 5 min each followed by incubation for 2 h with a 1:400 dilution of a rabbit anti-goat secondary antibody labeled with Alexa 594 (Cat# A27016; ThermoFisher, Grand Island, NY, USA) for cystatin C and a donkey anti-mouse secondary antibody labeled with Alexa 488 (Cat# R37114; ThermoFisher) for cystatins type S. DNA was detected directly with DAPI (4',6diamidino-2-phenylindole, ThermoFisher). Prior to mounting, coverslips were washed an additional three times in PBS-Tween 20 for 5 min each.
Microscopy and image quantification for cell cultures
For quantification of the cystatin distributions following an adrenergic stimulus, raw fluorescence images were obtained from multiple fields of HSG cell cultures that were fixed, permeabilized and labelled as described in the previous paragraph and examined with an LSM510 confocal microscope (Zeiss, Munich, Germany). Excitation of Alexa 594 was at 590 nm and emission at 620 nm, while Alexa 488 was excited at 500 nm and emission collected at 520 nm. To determine the total surface area of an acinus-like structure, each of which contained a different number of individual cells, the software ImageJ v.1.51h [28] was used to draw an outline of its perimeter. Next, two regions of interest were defined: a peripheral (P) ring that began at the perimeter and whose thickness was adjusted to the interior of the cell grouping to cover 37% of the total area; and an internal (I) circle in the center of the same structure that covered 3.7% of the total area. Within each region, the total corrected area of fluorescence (TCAF) was calculated from the measured integrated fluorescence signal by subtracting the background fluorescence that was measured in the same field but with no cells inside it, and covering the same area as the regions of interest. By calculating a ratio of the TCAF of a circular peripheral ring, P, to the TCAF of its corresponding interior circle, I, the change in the fluorescence from the center to the periphery could be observed as a value greater than calculated from the controls. Furthermore, by measuring an equivalent percentage of the total area of an individual structure, the contribution of the size differences between individual acinuslike structures was factored out.
Statistical analysis
Data are shown as the median ± S.D, except as noted. Differences between sample groups were compared by a Mann-Whitney Rank Sum Test or one-way ANOVA, as indicated in the figures. Statistical significance was defined as p< 0.05.
Results

Mass spectrometry
Initially, the protein pattern in saliva was compared between six pooled samples obtained from 20 athletes before and after the first event each day of a three-day pentathlon competition (Phase 2 in Fig 1) . Since the competition included events that required different types of physical exertion, this approach also permitted a preliminary evaluation of the effect of the type of physical activity on protein profile differences. The gradient SDS-PAGE gels in Fig 2 show the protein pattern in the pools of saliva collected, with each panel representing the before and after of a specific task: an obstacle race; a utility swimming race; and an amphibious crosscountry race. Fig 1) were pooled from before (pre) and after (post) the first competitive event on each day: Day 1, obstacle race, Day 2, utility swimming race and Day 3, amphibious cross-country race. The asterisks at~15 kDa indicate the low-molecularweight bands of interest that were excised and analyzed by mass spectrometry in Table 1 Regardless of the day and the task, the presence of a low-molecular-weight protein was consistently increased in the post-task samples (Fig 2) . To identify this protein, the region encompassing the band was excised from a gel and prepared for analysis by mass spectrometry following trypsinization. A comparison of the resulting peptide spectra to the NCBI database for human proteins by MASCOT identified 26 fragments of 17 individual proteins. In the region of the gel excised (12-17 kDa), the relevant peptides were derived primarily from proteins of the cystatin family. The data in Table 1 are organized by status of samples (preor post-exercise) and gel lane, with a requirement of 7% coverage or better for the parent protein.
One or two peptides from cystatin C and α-amylase were present, but provided only 7-8% coverage of the protein. 
Physical tests and measurements of protein concentration
The behavior of the cystatins identified as the principal low-molecular-weight salivary proteins that increased in intensity following different types of physical exertion was evaluated further following physical exercises of prescribed intensity and defined type. First we compared saliva samples from aerobic exercise on a treadmill to _ VO 2max (Ergo, phase 3, Fig 1) and samples obtained following exhaustive sprints for anaerobic exercise (RAST, phase 4 in Fig 1) . Western blots were performed on individual saliva samples collected pre-and post-exercise using an antibody against S-type cystatins (S, SA, and SN) and another against cystatin C. A band of approximately 16 kDa was detected by antibodies to S-type cystatins and cystatin C, as expected ( Fig 3A, center and right) . Quantification of Western blot intensities showed that the mean secretion of both cystatins was increased by both aerobic and anaerobic exercise ( Fig 3B) .
There was no statistically significant difference in cystatin ratios Post/Pre between the two types of exercise or between the two types of cystatins. In the box plot, the median in each column is indicated by the longest horizontal line; the entire range of individual values is shown using a different symbol for each athlete. The elevation in the amount of cystatins detected in saliva after exercise varied in each experimental group. Although there was a significant increase from the resting value (= 1.0) in all four columns, four individuals were exceptions to the trend and did not show an increase in cystatin secretion after specific physical exercises: one in cystatins type S-Ergo; two in cystatins type S-RAST; and one in cystatin C-RAST ( Fig  3B) . For cystatins type S-Ergo, the median value of the ratio comparing cystatin post-vs preexercise was 2.1 ± 2.8 fold; for cystatins type S-RAST, 2.8 ± 2.4 fold; for cystatin C-Ergo, 4.0 ± 2.6 fold; and for cystatin C-RAST 3.7 ± 2.1 fold (median ± SD, n = 12).
Since an increase in cystatin concentration could occur if there were a generalized decrease in salivary volume (for example by evaporation or a lower flow rate), we also measured volume and total protein concentration. Table 2 (column 7) shows that the volume of saliva collected in one minute was routinely lower post-exercise compared to the pre-exercise value, but even for the most strenuous type of exercise (RAST) the decrease in volume (by 43% on average) was not enough to account for the increase in cystatin concentration (from a ratio of 1.0 at rest to a ratio of 2.8 for cystatins type S and 3.7 for cystatin C) in Fig 3. Thus the observed increases in cystatins post-exercise cannot be attributed to changes in the salivary flow rate.
On the other hand, tests executed by the athletes at maximum or near-maximum effort raised the overall protein concentration at 5 min (Table 2) , and there were similar increases in cystatin and total protein (cf. ratios Post/Pre for protein in Table 2 and type-S cystatins in Fig  3) . This could mean that exercise causes a generalized increase in release of salivary proteins, including cystatins, rather than specific changes such as those reported for lysozyme, IgA and other peptides of the immune system [29] .
Incremental load test
To evaluate the influence of exercise intensity and the time course of post-exercise recovery we examined cystatins S/SA/SN in athletes performing an aerobic cycloergometer protocol at four different load increments that lasted 4 min and reached 65, 75, 85 and 95% of _ VO 2max (Phase 5 in Fig 1) . Saliva samples were collected at rest and at 5, 10 and 15 min after each load, and the amount of S-type cystatins (as a group) present in saliva was determined by quantitative Western blots. The upper curve in Fig 4 (main panel) shows that there was a significant increase at 5 min, the first post-exercise time point, but only for the two higher loads. These increases were 76.2% ± 22.4 at 85% _ VO 2max and 81.0% ± 25.7 at 95% _ VO 2max (p = 0.012, n = 12). Fig 1) . In panel A, exogenous ovalbumin (ctrl) was added to each sample as a loading control. Shown is a representative SDS-PAGE (left) stained with colloidal Coomassie blue G and the corresponding Western blot (right) for samples from a single athlete. The Western blots in the upper panels were probed for ovalbumin (42.7 kDa) and those in the lower panels were probed for cystatins (cys, arrowheads), either type-S (S, SA and SN) or cystatin C (cysC). Panel B shows a box plot with the median, 10 th and 95 th percentiles of the quantified intensity ratios for type-S cystatins and cystatin C measured from Western blots for each saliva sample from each participant. Each data point represents the ratio of post-to pre-exercise intensities in Western blots for that band from each individual. The number of subjects and the p-value for this ratio from a Mann-Whitney Rank Sum Test are shown above each column.
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However, the increases were transient: ten minutes after the effort at 95% _ VO 2max , the concentration of cystatins S/SA/SN had already fallen to 54.9% ± 16.9% of rest level (p = 0.012, n = 12). By 15 min post-exercise, the levels of cystatin showed no significant difference from the initial rest values (100% on the ordinate).
In the experiment of Fig 4, the intensity of muscle work was confirmed by measuring plasma lactate (inset). Many different laboratories have demonstrated that lactate and catecholamines increase in parallel during intense exercise [30, 31] . In a protocol similar to ours and performed by similarly trained athletes ( _ VO 2max 58 ml/kg.min), the concentration of lactate increased from 1 mM to 12-13 mM and the epinephrine and norepinephrine reached 10 and 34 pmol/mL, compared to resting values of 0.3 and 2.5 pmol/mL [30]. Thus we have indirect evidence that the exercise intensity employed here produced large increases in plasma catecholamines as a driving force for the increase in cystatins [31, 32] .
A second indication of a strong sympathetic stimulus was provided by measurements of salivary α-amylase, a recognized sympathetic response component. Fig 5A compares amylase secretion before and after exercising to _ VO 2max on a treadmill (Phase 6 in Fig 1) . Salivary amylase activity increased by 75% while both cystatins doubled in amount ( Fig 5B and 5C ).
For the time course of recovery for salivary amylase, total protein and S-type cystatins after exercise, we return to the incremental aerobic test on a cycloergometer following its last stage (95% of _ VO 2max ). Here the amylase increased to 189.5±22.7% of the resting value at 5 min post-exercise ( Fig 6 inset) , then fell slowly over 15 minutes. The main panel shows that total protein and type-S cystatins were also maximal at 5 min, but cystatins fell immediately to 54.9% of the resting value at 10 min before recovering, while total protein stayed up (Fig 6) Thus the time course of recovery for the cystatins differs from that of the other proteins and from amylase as well. The picture that emerges here is one where amylase and type-S cystatins might share an initial response/burst with other proteins, but recover along divergent pathways.
Propranolol, an adrenergic antagonist, blunts cystatin C production in a cell line from human submandibular gland
In salivary glands, agonists of the β-adrenergic system bind to β-adrenergic receptors that activate adenylyl cyclase to generate intracellular cAMP, which in turn activates cAMP-dependent protein kinase (PKA) to increase exocytosis from acinar cells [33, 34, 35] . The data described so far suggest a response of cystatin secretion to an elevated sympathetic signal provided by physical exercise. In the next experiments, an in-vitro model system was set up to evaluate the relationship between a well-defined adrenergic signal and cystatin secretion at the cellular level. A detailed analysis of the secretory pathway for cystatins was beyond the scope of this study, but we were able to obtain and propagate a line of immortalized cells from human submandibular gland (HSG) for preliminary experiments. An ELISA assay confirmed the response to a β-adrenergic stimulus in HSG cells plated on plastic. The secretion of cystatin C to the culture medium increased 11 fold with the addition of isoproterenol (IPR) (Fig 7; from 0.14 to 1.7 ng cystatin C/μg protein). The β-adrenergic antagonist propranolol (PRO) competes with isoproterenol at the β-adrenergic receptor, which blocks the activation cascade to PKA [33] . Here, we found that propranolol markedly reduced cystatin C secretion into the culture medium (from 1.7 ng/μg total protein with IPR to 0.18 ng/μg total protein with IPR+PRO). Like secretion, the expression of cystatin C was positively affected by IPR treatment, resulting in an increase to~3.4 times the control (from Fig 1) . Inset shows plasma lactate levels at rest and immediately post exercise at each stage(n = 12, � p<0.05 with respect to resting value). Statistics were performed by Kruskal-Wallis one-way analysis of variance on ranks.
https://doi.org/10.1371/journal.pone.0224147.g004
2.25 to 7.71 ng cystatin C/ μg protein) that was blocked when PRO was present at the same time (Fig 7, last column) . This is consistent with data showing that propranolol inhibits αamylase secretion in a parotid epithelial cell preparation [36] .
Adrenergic agonist alters the distribution of cystatins type-S and cystatin C in cultured human submandibular gland acini
When immortalized HSG cells are cultured on an appropriate organic substrate instead of unadorned plastic, they spontaneously differentiate into acinus-like structures that assume morphological and functional features of submandibular glands, including the expression of cystatin SN [37] . In the next experiment, we evaluated the endogenous distribution of cystatin C and S-type cystatins in acinus-like structures treated with 100 μM IPR. Human submandibular gland cells were cultured on the matrix Matrigel, where they differentiated over 3 days into asymmetrical acinus-like structures that were 20-30 μm in diameter (Fig 8A, left) . Staining of the nuclei by DAPI (blue) shows the presence of multiple cells in each acinus-like cluster. The immunofluorescent localization of cystatin C (red) and S-type cystatins (green) in the nonstimulated state (upper panels) reveals a generalized intracellular distribution, and the yellow of the merged images within the cell clusters at left in panel A is consistent with co-localization of the two cystatins in the same intracellular compartments.
With the addition of 100 μM isoproterenol (Fig 8B, left) , this suggestion of co-localization was reduced but there was a substantial release of cystatin C and S-type cystatins to the Salivary cystatins medium, now visible in yellow in the merged image outside as well as inside the acinus-like structures following fixation and exposure to fluorescent antibodies. At a higher magnification ( Fig 8B, center and right panels) , a comparison of the distribution of the cystatins between the center and periphery of each multicellular acinus was carried out by measuring the fluorescence in an interior circle (I) and a peripheral ring (P), which were used to calculate a fluorescence ratio (P/I). In the absence of IPR (panel A and panel C, left), both cystatins showed a preferential distribution towards the interior of acinus-like structures. For cystatin C, this ratio (P/I) increased from 6.4 ± 2.4 without IPR to 19.3 ± 4.2 with the addition of IPR; and for Stype cystatins, P/I increased from 3.3 ± 2.9 fold without IPR to 15.8 ± 3.0 with IPR (median ± S.D.).
Discussion
Of the more than 2,000 proteins identified in human saliva, only a subset of 200 to 300 are secreted by the salivary glands [34] . The general transport of secretory granules in cells of the salivary glands can be increased by β-adrenergic signaling [38] which is activated by physical exercise through the innervaton by sympathetic neurons [39] . The amount of α-amylase stands out, and can reach~30% of the total protein secreted to whole saliva in response to maximum effort [38] .
To our knowledge, our study is the first description of cystatins as proteins whose concentration in saliva responds to exercise. Our measurements of salivary amylase and plasma Fig 1) . Saliva was collected at rest (pre) and during recovery (post) 5, 10 and 15 min after reaching 95% _ VO 2max and analyzed for total protein (black bars), type-S cystatins (gray bars) and amylase activity (inset). The Y axis shows these data relative to rest as 100%. Sprints at 65%, 75% and 85% _ VO 2max following first sample are shown in Fig 4. # indicates a significant increase compared to total protein at rest (pre)(p = 0.012, n = 12). � indicates a significant increase of type-S cystatin at 5 min and § a significant decrease at 10 min compared to resting value (p = 0.012, n = 12). Inset shows the α-amylase units in saliva over time with � p = 0.001 compared to resting value, n = 12. ANOVA, Dunn's method.
https://doi.org/10.1371/journal.pone.0224147.g006 lactate in trained athletes are consistent with the premise of exercise with a high β-adrenergic component. While cystatin C is produced in many different organs, the S-type cystatins are mainly expressed in salivary glands. The S-type cystatins are of particular interest since they originate primarily from the submandibular glands and not, like amylase, from the parotids. In our experiments the cystatins appeared as a low-molecular-weight protein band in whole saliva that showed a clear increase in intensity after athletes performed a variety of strenuous physical activities. Mass spectrometry of the excised band identified two components of the cystatin-2 family, cystatin C and cystatins type S, as proteins sub-acutely modulated by exercise. Commercial antibodies were available for cystatin C and also (as a group) for cystatins type S. Using these antibodies in quantitative Western blots, we found that both aerobic and anaerobic exercises performed at or near maximal intensity led to an increased presence of both cystatins in saliva. Both showed statistically significant changes when analyzing the 12 athletes as a group.
In recent decades, saliva has gained acceptance as a readily accessible body fluid that provides indirect access to physiological changes accompanying exercise, as well as oral health at rest and the monitoring of therapeutic drugs circulating in the blood [40] . This study did not begin with the expectation of identifying the physiological function of enhanced cystatin secretion during exercise. Rather, the objective was (1) to look for associations with different exercise parameters (intensity, duration, aerobic, anaerobic etc) in order to identify suitable conditions for studying the secretion, and (2) to test a model for investigating the mechanism (and regulation) of cystatin secretion in vitro.
Nevertheless, it is interesting to examine the question of what purpose might be served by increased cystatin secretion during exercise; in the last decade an increasing number of other salivary peptides and proteins have been investigated in this context. Both cystatins increase in some pathological states and decrease in others [6, 18, 41, 42] . Cystatins are natural inhibitors of cysteine proteases such as papain and the lysosomal cathepsins, and an obvious question is whether this inhibitory activity is related to their role in saliva [43] . Indeed, cystatin SN is upregulated in humans to combat allergic rhinitis in the nasal cavity, relying on its ability to inhibit protease allergens from pollen [42] . On the other hand, Ganeshnarayan et al [44] identify two common species of oral bacteria that are killed by salivary cystatin SA, but the authors provide evidence against any requirement for protease inhibition in this role. With the multiplicity of different bacterial species in the oral cavity, a case can be made that one function of cystatins in saliva is to inhibit bacterial adhesion inside the mouth. An example is cystatin SA, which blocks the binding of bacteria to buccal epithelial cells [44] . Cystatins can also inhibit bacterial growth without inhibiting protease activity [45] .
A potential link between cystatins and exercise appears in recent studies of autophagy, which occurs in salivary glands under stress but has not been investigated extensively and has not yet been associated with cystatins in these organs [46] . Cystatin C can promote autophagy in neurons as a protective mechanism against the accumulation of detritus from free-radical damage caused by metabolic stress, and its ability to inhibit the lysosomal cathepsin B is important in this activity [47] . Exercise constitutes a type of metabolic stress, and autophagy would be expected to increase during the recovery of homeostasis [46] . Mice with conditional knockouts of the autophagy gene Atg5 exhibited disrupted secretory granules in salivary acinar cells under basal as well as isoproterenol-stimulated conditions. Taken together, these data do not provide an answer, but they do suggest one or more types of protective role for cystatins. If salivary cystatins protect the buccal mucosae against microorganisms, why would they increase during exercise? Often referred to as AMPs (antimicrobial peptides), many of the defense elements found in saliva (including α-amylase, lysozyme, lactoferrin, the cathelicidin LL-37 and α-defensins) increase in concentration or secretion rate immediately following short, intense exercise [12, 48, 49] , as we have found for cystatins. A short burst of cystatin secretion might be relevant to raising innate defenses against infection in the upper respiratory tract. It has been suggested that different AMPs may act synergistically, thereby accounting for their effectiveness at low concentrations [50] . An increase with exercise may act to counterbalance a transient depression of immunity. According to some reports [but see other references in 48], exercise induces a decrease in immunoglobulin A (IgA), the major source of salivary antibodies, usually lasting for a few hours following long training bouts or extended competitive efforts such as a marathon [1, 51] . Typically this is interpreted as a sign of suppressed immunity that provides an "open window" of opportunity for upper-respiratory-tract infections [1, 29, 52, 53, 54] . A problem with this hypothesis is the Human submandibular gland cells grown in Matrigel-coated plates spontaneously form acinar-like structures from multiple cells. The merged images at left in Panels A (untreated) and B (treated with 100 μM isoproterenol) show representative acinus-like structures formed in Matrigel with nuclei stained with DAPI (blue) together with the intracellular distribution of S-type cystatins (green) and cystatin-C (red). In Panel B, with IPR (left), a substantial quantity of both cystatins has been expelled to the medium. The structures at left outlined with red rings are digitally enlarged (3.3x) in the two images at right for S-type cystatins and cystatin-C. Arrowheads indicate cystatin aggregates labeled in the acini. The red rings outline regions of interest at the periphery (P) and in the center (I) of the acinus-like structures where fluorescent signals were measured either without treatment or after 1 h with 100 μM isoproterenol. Panel C shows the P/I ratios either with or without IPR treatment for each antibody (cysC and S-type). The increase in this ratio with IPR shows the shift in intensity of fluorescence towards the periphery as a response to treatment (box plots show median, 25th and 75th percentiles). P <0.001 in both experiments (n = 6) from a Mann-Whitney Rank Sum Test comparing stimulated and unstimulated P/I ratios.
https://doi.org/10.1371/journal.pone.0224147.g008 difficulty encountered in the literature about finding conditions for reproducing the IgA response, which suggests that there may be factors controlling IgA concentration that are not yet understood [48, 53, 55] . Certainly it is not clear whether the transient upregulation of defense peptides is sufficient to counter the more prolonged loss of antibody production from IgA [49] . There appears to be a need for more data on this point. Salivary secretion is highly variable and each gland produces a different volume, as well as a different pattern of proteins [56] . The incorporation (or not) of different proteins into secretory granules provides an additional variable [4] . Thus there may be more than one reason for the differences observed in the concentration changes for α-amylase, cystatins and total protein with relation to the time after the end of an exercise. At our earliest time point (5 min post-exercise), all three components were at their maximal value, but from this point on, their secretory profiles diverged. By 10 min post-exercise, the total protein remained high while the α-amylase had already fallen by~30% (Fig 6) , consistent with a recovery half-time of 10-15 min [39] . In contrast, there was a sharper reduction in secretion of S-type cystatins, which at 10 min was below the resting value ( Fig 6) . The overall protein concentration remained elevated in saliva through 15 min. One way to account for this pattern would be to imagine small, medium and large pools for cystatins, amylase and total protein, respectively. Other scenarios are also possible, such as different storage packets, different rates of re-synthesis, and different rates of transport to the cell membrane where exocytosis takes place.
When the saliva from physical tests was analyzed for each athlete at the same time point, a large variance in the response of S-type cystatins and cystatin C was observed, ranging from as much as a 9.8-fold increase for one individual to a decrease below resting value for three others (Fig 3) . This heterogeneity of expression among individual saliva samples as well as for particular proteins has been found in other studies [48] , even at rest [56] . it may reflect a difference in the flux of protein transport or glandular expression capacity between individuals, and when the performance goal is _ VO 2max there could also be an effect due to differences in the training state of the athletes [57] . However, no one athlete maintained consistently low values or consistently high values across all the tests. The cycloergometer data with incremental loads in Fig 4 indicate that near-maximal effort may be a prerequisite for increased levels of cystatin, so a low value might arise for an athlete who was less motivated toward maximal effort on a particular day. Following exercise, accurate timing of saliva collection is another factor in variability: while concerted efforts were made to perform collections within 5 min of the end of an exercise, the rapid return of S-type cystatins to basal levels might also lead to an individual showing no increase due to issues with collection rather than response. Tests with different saliva collection methods did not resolve these questions: passive drool was slow and awkward for the athletes [14] , and produced variable amounts of mucus, while spitting produced higher concentrations of total protein, but no improvement in the coefficient of variation (CV). Among 8 sets of data for which volume, cystatin and total protein were measured, the average CV for the volume of saliva (among 12 subjects in each set) was 14%, much smaller than the variability in cystatin signals seen in Fig 3. Collecting unstimulated saliva as described in our protocol would tend to minimize variability due to interactions between oral stimuli, pH and flow rates [15, 16, 40] .
A limitation of our study design is the absence of data on the increase in catecholamines that accompanied our chosen exercises. However, salivary amylase and plasma lactate have both been demonstrated repeatedly to respond during exercise in parallel with the release of catecholamines [30, 31, 39] . While salivary glands are innervated by parasympathetic as well as sympathetic nerves, the sympathetic signals are related to the types, duration and intensity of exercise as well as timing of sample collection [58] . Here, it was demonstrated that secretion of S-type cystatins and cystatin C increased with exercise lasting between 90 s and 15 min, provided that the physical effort was close to maximal. Our results showing high levels of salivary amylase and plasma lactate are consistent with involvement of the autonomic nervous system in the acute expression and secretion of type-2 cystatins from salivary glands. However, it is still possible that an increase in type-2 cystatin expression or secretion in saliva receives contributions from other tissues, since exercise leads to an increase in sympathoadrenal activity throughout the body [59] . Overall, in the 24 samples collected from the athletes for the two protocols in Fig 3, 83% showed an increase in cystatin secretion in saliva immediately after both aerobic and anaerobic tests. Other studies have recorded changes in cortisol, indicating participation of the hypothalamic-pituitary-adrenal axis, but we have not pursued this aspect [29] .
Supporting evidence for cystatin secretion as a response to β-adrenergic stimulation was obtained in vitro with HSG, a cell line originally derived from human submandibular glands. Initial experiments with non-differentiated cells showed that the cellular release of cystatin C was stimulated 11 fold by a beta-agonist treatment with IPR. Conversely, the antagonist propranolol decreased production by 9-fold. When cells were plated on Matrigel and allowed to differentiate into acinus-like structures, changes in the subcellular distribution of cystatins type S and cystatin C were tracked by calculating the ratio of peripheral to internal cystatins. Even in unstimulated cell groups, the periphery had a higher fluorescence labeling of cystatin C and cystatins S, suggesting the presence of cystatin-containing vesicles. Activating the βadrenergic signalling pathway led to a much higher ratio of cystatins at the periphery. It could not be determined whether the IPR treatment accelerated the normal secretion pathway, acted on a separate pool of vesicles or reflected de novo production through increased transcription and translation. In rats, IPR increases the exocytosis of α-amylase through a significant increase in interaction between the accessory proteins v-and t-SNARE, which mediate vesicle fusion [60] . It is also possible that catecholamines enhance secretion by accelerating translation of mRNA, as observed in the parotid [61] . More in-depth studies will be required to distinguish among these possibilities.
Conclusion
Increased concentrations of both cystatin C and cystatins type S were measured in saliva as a response to both aerobic and anaerobic exercise, in association with athletes´exerting nearmaximal effort. The increases in cystatin were rapid and transient, returning to basal levels within 15 min. While increased salivary amylase as well as plasma lactate were consistent with activation of the sympathetic nervous system by the physical activity, the time course of recovery was much faster for cystatin than for amylase or total protein, suggesting different postsecretory processes. An in-vitro model showed that the release phase for both cystatins was associated with redistribution of internal stores toward the periphery of acinus-like structures derived from human submandibular glands.
